Traditional hard tissue grippers are limited in handling delicate soft tissues during surgery, particularly due to the high stress points that are generated on the soft tissue during gripping. In this study, customizable soft pneumatic chamber-gripper devices were designed to provide compliant gripping, so as to replace conventional tissue grippers such as the laparoscopic grasper or forceps in delicate tissue manipulation. The soft chamber-gripper device involves very simple design and control to generate actuation. It is fabricated from an elastomeric material using a modified soft lithography technique. The device consists of a gripper component that can be made up of one or more gripper arms with a pneumatic channel in each arm, and a chamber filled with air. The pneumatic channels are positioned close to the outer wall of the gripper arms and are connected to the chamber. Upon compression of the chamber, the pneumatic channels will inflate towards the outer walls, which thus bends the gripper arms and results in a closed gripping posture. This soft chamber-gripper device can be used to pick up objects of size up to 2 mm with a compressive force that is more than three times smaller than the grip force generated by traditional forceps. This will be useful in preventing tissue trauma during surgical manipulation, especially in nerve anastomosis. [DOI: 10.1115/1.4027688]
Background
Surgical manipulation is an important aspect of both open and laparoscopic surgical procedures. Traditional tissue gripping tools, such as the forceps and laparoscopic graspers, have been commonly adopted in many different kinds of surgical procedures, such as cholecystectomy, bariatric, hepatic, gynecological, urological, gastrointestinal, and nerve repair surgeries [1, 2] . These tools are typically used to securely grip internal structures for purposes of facilitating observation, excision, biopsy, and anastomosis procedures. However, the rigid gripping clips that are used to hold the soft tissue can cause high stress concentration areas in the soft tissue [3] . This will result in tissue trauma and hence damage the tissue of interest, and potentially the surrounding tissues. Moreover, the sharp edges of the gripping clips may also contribute to the tissue damage. This tissue damage, as a result of "hard" gripping, may lead to inflammation, hemorrhage, and cellular changes such as apoptosis and necrosis; even less severe damage may still result in clinically relevant consequences that include pathological scar tissue formation [4] . Therefore, there is a need to design a soft gripper, which involves simple design and control to perform gripping as well as eliminate the risk of tissue trauma during delicate surgical manipulation.
Soft robotics is an emerging field that seeks to replace traditional hard rigid robots in applications where complex and expensive hard robots are unsuitable [5] [6] [7] . Compared to hard robots that require a complex multicomponent mechanical structure, soft robots involve very simple design and control to generate actuation. One method of soft robotics fabrication typically adopts the soft lithography technique, wherein a mold with special pneumatic networks are designed using computer-aided drawing and thereafter 3D-printed. Subsequently, elastomeric mixtures, such as silicone rubber, are poured into the mold and cured to create a negative replica of the mold, which is then sealed using another layer made of a strain-limiting (inextensible) material, such as polydimethylsiloxane (PDMS). This method has been adopted by researchers to design soft robots such as multigait soft robot [5] and starfish gripper [6] . These robots contained embedded pneumatic networks of channels that inflate like balloons for actuation. The pneumatic actuation works by applying air pressure into the channels, so as to induce expansion in the regions that are most compliant or have lowest stiffness [6] .
The objective of this study is to develop customizable soft pneumatic chamber-gripper devices using a modified version of the abovementioned technique, and to conduct preliminary evaluation tests to assess the mechanical forces induced by these devices on the gripped object, as compared to traditional forceps.
Methods
A modified soft lithography technique was developed in this study to fabricate the soft chamber-gripper devices. As compared to the conventional technique that usually print the pneumatic network features on the mold, we adopted a wire-based approach to print a feature-less gripper mold with wire-sized pneumatic channels, combined with a chamber mold (Fig. 1 ). This modified approach facilitated: (1) the creation of miniaturized pneumatic channels by reducing the chance of occlusion during the final sealing process, and (2) the addition of a compressible chamber component for direct transfer of air into the gripper component, without the need for bulky external pumps. We first designed the combined mold and wires using computer-aided design software (Dassault Systèmes SOLIDWORKS Corp., USA) and fabricated them using a 3D printer (Stratasys Ltd., USA) with acrylonitrile butadiene styrene (ABS) plastic. The pneumatic channels are designed close to the outer wall of the gripper arms with a ratio of 3:5 (distance from center of the pneumatic channels to outer wall: distance from center of the pneumatic channels to inner wall) and are connected to the chamber component. The difference in stiffness between the thinner outer wall and thicker inner wall allows the gripper arms to bend inwards when pressurized.
The wire-sized pneumatic channels in the chamber-gripper device are created by inserting the wires into the mold and then pouring the elastomeric mixture (Ecoflex 00-30, Smooth-On, Inc., South Korea) into the mold, followed by a 20-min baking step to cure the molded elastomer. To complete the chamber, we bonded the cured elastomer to a 2.5 mm layer of partially cured Ecoflex layer to seal the chamber. Subsequently, we let the entire structure cure fully by baking it at 60 C for 1 h. Three different types of chamber-gripper devices (double-arm, single-arm, and hook) were made using this method in this study (Fig. 1) . The doublearm chamber-gripper device had two actuatable arms, whereas the single-arm chamber-gripper device had one actuatable arm and one nonactuatable arm, and the hook chamber-gripper device had only one actuatable arm. The width of the nonactuatable arm is 1.5 mm while the width of the actuatable arm ranges from 3 mm to 5 mm. In addition, a handling tool with a pistoning mechanism was 3D-printed, such that the chamber-gripper device can be easily inserted into the tool and actuated to grip an object or be replaced by another customized device for different gripping requirements (Fig. 2) .
Our preliminary evaluation tests involved the comparison of the tensile forces and compressive forces generated by the (1) three different types of chamber-gripper devices (double-arm, singlearm, and hook), (2) a forceps coated with Ecoflex on the jaws (same width and thickness as the jaw of double-arm soft gripper), and (3) a forceps with no coating. Two nylon specimens with Young's moduli of 23.9 MPa (nylon 1) and 0.14 MPa (nylon 2) were used for the transverse and axial grip pull tests. Their moduli cover the range of typical soft tissue moduli, for example, periodontal ligament (0.12 MPa) [8] , peripheral nerves (0.45 MPa) [9] , and articular cartilage of the human knee (5.6 MPa-15.4 MPa) [10] . The maximum tensile forces in these nylon specimens during transverse and axial grip pull tests were measured by a material testing machine (Instron 3345, USA). For the transverse grip pull test, the nylon specimen was clamped in a straight line vertically onto the Instron machine with a 1 N preload and pulled horizontally outwards with the chamber-gripper device (Fig. 3) . For the axial grip pull test, the nylon specimen was clamped in a U-shape and pulled vertically downwards with the chambergripper device. In order to measure compressive forces, a grip compressive test was conducted using a calibrated sensing resistor (Interlink Electronics, Inc., USA). The maximum grip compressive force applied by the Ecoflex-coated forceps and the uncoated Transactions of the ASME forceps were recorded at the point when the two jaws of the forceps were closed.
Results
The entire process of fabricating the chamber-gripper device took less than 2 h. Upon compression of the chamber through the piston-based handling tool, the air in the chamber entered the pneumatic channels and inflated them toward the outer walls, which then bent the gripper arms and resulted in a closed gripping posture. Upon releasing the movable pistoning handle to remove chamber compression, the gripper arms returned to its original opened posture. The compression and the releasing of the chamber can be controlled by the movable handle or, potentially, a linear actuator. The soft chamber-gripper devices were capable of picking up objects of size up to 2 mm diameter (Fig. 4) .
During the transverse grip pull test, the maximum tensile forces generated by the soft single-arm, double-arm, and hook chambergripper devices on the nylon 1 specimen were substantially lower at 0.26 6 0.03 N, 0.22 6 0.05 N, and 0.33 6 0.03 N, respectively, as compared to 1.21 6 0.36 N by the Ecoflex-coated forceps and 2.12 6 0.24 N by the uncoated forceps. For the nylon 2 specimen, the maximum tensile forces generated by the single-arm, doublearm, and hook chamber-gripper devices were 0.05 6 0.02 N, 0.10 6 0.02 N, and 0.05 6 0.02 N, respectively, as compared to 0.43 6 0.09 N by the Ecoflex-coated forceps and 0.47 6 0.11 N by the uncoated forceps ( Fig. 5(a) ).
For the axial grip pull test, the maximum tensile forces generated by the single-arm, double-arm, and hook chamber-gripper devices on the nylon 1 specimen were considerably smaller at 0.09 6 0.02 N, 0.14 6 0.03 N, and 0.28 6 0.03 N, respectively, as compared to 0.77 6 0.19 N by the Ecoflex-coated forceps and 1.32 6 0.21 N by the uncoated forceps. The maximum tensile forces generated by the soft single-arm, double-arm, and hook chamber-gripper devices on the nylon 2 specimen were 0.13 6 0.01 N, 0.20 6 0.01 N, and 0.47 6 0.02 N, respectively, as compared to 1.14 6 0.24 N by the Ecoflex-coated forceps and 1.91 6 0.44 N by the uncoated forceps (Fig. 5(b) ).
The maximum grip compressive force generated by the singlearm and double-arm chamber-gripper devices were 0.26 6 0.09 N and 0.88 6 0.09 N, respectively, as compared to 1.75 6 0.15 N by the Ecoflex-coated forceps and 2.73 6 0.21 N by uncoated forceps (Fig. 6 ).
Discussion
In this study, we have successfully demonstrated that the soft pneumatic chamber-gripper devices allowed compliant gripping and yet introduced significantly lesser tensile and compressive forces to the object being gripped than the traditional forceps and Ecoflex-coated forceps. Our findings suggest that soft gripping can be achievable at much lower mechanical forces, hence potentially making the gripped object less susceptible to damage compared to the hard forceps.
Among the three soft chamber-gripper designs, the hook chamber--gripper device was only capable of gripping and retracting the wire with negligible grip compressive force similar to that of a nerve hook retractor [11] , whereas the double-and single-arm chamber-gripper devices were able to be used to grip and manipulate the wire. Comparing the grip compressive forces, the double-arm designs generated more than twice that of the singlearm design, and in most cases of the transverse and axial grip pull tests, the single-arm gripper tended to lose grip at a lower tensile force than that of the double-arm gripper. These results suggest that the design of the soft chamber-gripper device should consider the grip pull and grip compression factors to ensure that a trade-off between soft grip and firm grip can be achieved.
Current surgical manipulation approaches during peripheral nerve repair surgeries [12, 13] typically adopt the traditional forceps for manipulating nerves, whereby the surgeons have to be very cautious not to damage the nerves as any damage can possibly lead to detrimental postoperative complications such as paralysis and delayed recovery. The use of traditional tissue grippers on delicate tissues often requires the surgeons to actively control their force application on the gripping instruments to ensure that a "minimal" force is applied on the delicate tissue; this task involves a high level of effort and experience, and may directly add to the surgeon fatigue. Considering the need to prevent damage of delicate tissues during surgical manipulation, our preliminary findings indicate that both the double-and single-arm chamber-gripper devices are potential candidates to provide soft compliant gripping during delicate tissue manipulation.
In addition, the possibility of making three different chambergripper device designs in this study suggested that the gripper design is highly customizable and can be easily modified and fabricated to potentially have one, two, or more gripper arms to suit different gripping requirements. Moreover, it is important to note that at least one of the gripper arms needs to contain a pneumatic channel to provide actuation, whereas the remaining gripper arms can be nonactuatable and act as a supporting arm. Furthermore, the presence of the chamber component in the soft chamber-gripper devices allows the grip compressive force to be controllable through the compression of the chamber by the pistoning mechanism in the handling tool. A prospective version of this system would be to replace the handling tool with a surgical robotic arm that has a dedicated actuator to compress the chamber, which can potentially give rise to the possibility for tele-operated soft gripping.
The fabrication process described in this study essentially depends greatly on the 3D-printed template mold, which not only opens up the possibility of creating customizable chamber-gripper designs but also presents a potential approach for mass-producing chamber-gripper devices from many reusable template molds. The designs of these soft chamber-gripper devices further allow the ability to interchange different device designs in a single handling tool to suit different gripping requirements. Also, these soft devices are made entirely of elastomeric materials, therefore allowing them to be used in surgeries involving magnetic resonance imaging.
However, these designs need to be viewed in light of a few limitations. The main limitation is the size of the gripper component as the current form factor is relatively wider than that of traditional forceps. However, the gripper arms of the soft pneumatic chamber-gripper devices are fabricated from materials that are soft and compressible; hence, it might be possible to grip delicate tissues in narrow spaces. Future pneumatics-based designs will take into the consideration of the gripper size and reduce the form factor to match the size of traditional forceps, such that thinner delicate tissue structures can be gripped and separated from adjacent tissues. Another limitation is the lack of experimental force data on nerve tissue gripping. In order to assess the efficacy of these soft gripper-chamber devices in eliminating tissue damage during delicate surgical manipulation, it will be necessary to conduct preclinical grip trials on fresh animal nerve tissues, and histologically examine the extent of tissue trauma, as compared to traditional forceps.
Future studies will focus on enhancing the firm grip of the chamber-gripper devices while maintaining a soft compliant grip, which can be attained through modifying the grip contact surfaces with features, such as teeth, to improve grip performance. Moreover, a prior study conducted by Van der Putten et al. [14] found that 77% of European surgeons favored tactile feedback as an indication for the level of applied pinch force. Hence, tactile sensors could be integrated into the soft pneumatic chamber-gripper devices by embedding force sensors such as strain-sensitive fibers/sheets, into the inner walls of the gripper component so as to detect the level of force that is applied onto the object being gripped. 
